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[1] The western Ross Sea is one of the key sites for
cross-shelf water exchange around Antarctica. The mech-
anism through which tides affect the cross-shelf exchange
in the northwestern Ross Sea is investigated using numeri-
cal simulations. Tides are found to increase the high-salinity
shelf water (HSSW) outﬂow through the impact on the
warm water intrusion of open ocean origin. The residual
tidal currents are onshore along the Modiﬁed Circumpolar
Deep Water pathway and therefore enhance its intrusion.
Lighter ambient water adjacent to the HSSW increases the
cross-ﬂow density gradient, thus strengthening the HSSW
export. At the same time, the onshore residual current and
increased dilution of the HSSW have the potential to reduce
the export rate. Owing to the existence of opposite tidal
effects, the strongest HSSW export happens at the inter-
mediate tidal forcing strength. The ampliﬁcation of tides
on cross-shelf exchange indicates that the relevant dynam-
ical processes should be simulated or parameterized in
climate models in order to adequately predict the ocean.
Citation: Wang, Q., S. Danilov, H. Hellmer, D. Sidorenko, J.
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1. Introduction
[2] The water mass exchange across the Antarctic conti-
nental shelf break is among the key processes that inﬂuence
the global ocean circulation and ecosystem. Dense, cold
shelf water leaves the Antarctic continental shelf and feeds
the production of Antarctic Bottom Water (AABW). The
latter is an important component of the global meridional
overturning circulation and spreads over a large part of the
world deep ocean [Orsi et al., 1999, 2002; Jacobs, 2004;
Johnson, 2008]. Warm Circumpolar Deep Water (CDW)
from the open ocean can intrude onto the continental shelf
at speciﬁc locations, carrying heat and nutrients, thus inﬂu-
encing both the heat budget and ecosystem on the shelf
[Prezelin et al., 2000; Dinniman et al., 2003]. Recently, it
became evident that accelerated onshore heat intrusion from
the CDW enhances sub-ice shelf melting and can possibly
trigger Antarctic ice sheet mass loss [e.g., Payne et al., 2004;
Jenkins et al., 2010; Jacobs et al., 2011]. The important
role played by the water mass exchange across the Antarctic
shelf break warrants improved understanding of the involved
dynamical processes.
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[3] With nearly continuous sea ice formation and brine
rejection in polynyas in the wintertime, the Ross Sea is
one of the major Antarctic marginal seas that export dense
shelf water and feed the production of AABW [Gordon et
al., 2004; Whitworth and Orsi, 2006; Gordon et al., 2009;
Muench et al., 2009; Budillon et al., 2011]. Due to the
change in the orientation of isobaths along the shelf break,
the western Ross Sea is also believed to be a preferable site
for CDW onshore intrusions [Dinniman et al., 2003; Klinck
and Dinniman, 2010]. Recent observations have revealed
more details of the warm water intrusion in this region
[Kohut et al., 2013].
[4] CDW mixes with the outﬂowing high-salinity shelf
water (HSSW) near the shelf break and produces modiﬁed
Circumpolar Deep Water (MCDW); the mixing process is
signiﬁcantly enhanced by tides, which are predominantly
diurnal with pronounced spring-neap cycles in the western
Ross Sea [Gordon et al., 2009; Padman et al., 2009; Muench
et al., 2009; Wang et al., 2010]. As shown in these studies,
tides not only modify the properties of both outﬂowing dense
shelf water and inﬂowing warm ambient water near the shelf
break through tidal mixing but also strongly modulate the
position of the Antarctic Slope Front (ASF) and the descent
pathway of dense plumes through tidal advection.
[5] Despite the research efforts mentioned above, the
tidal dynamics inﬂuencing the HSSW export from the inner
shelf to the outer shelf are still unclear. In this study
we will explore the interaction between shelf water and
MCDW on the continental shelf in the northwestern Ross
Sea using numerical simulations. A mechanism through
which tides modify the HSSW export rate will be proposed
and discussed.
2. Model setup
[6] The model used in this work is the ocean compo-
nent of the Finite Element Sea ice-Ocean Model (FESOM)
[Wang et al., 2013], which was employed to simulate bot-
tom water formation in the Ross and Weddell Seas [Wang
et al., 2009, 2010, 2012]. The model domain with variable
horizontal mesh resolution used here is 80ı wide in longi-
tude (between 130ıE and 150ıW) and 17ı wide in latitude
(between 77ıS and 60ıS). The horizontal mesh resolution
changes from 2 km in the western Ross Sea to 30 km out-
side of it. A resolution of 0.5–1 km is assigned for regions
with very steep continental slope, including the shelf break
region north of the Drygalski Trough (DT, see Figure 1a for
the topography of the northwestern Ross Sea). We use 40
sigma layers in the vertical with reﬁned layer thickness near
the bottom.
[7] The model is initialized with the hydrography from
the World Ocean Atlas (WOA) 2001 [Conkright et al.,
2002]. Because the Ross Sea shelf water is not well repre-
sented in the WOA data, we prescribe the initial potential
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Figure 1. (a) Bathymetry of the western Ross Sea. The red
arrows illustrate the export of shelf water and production of
AABW, and the green arrow illustrates the open ocean water
inﬂow. The transect S discussed in the text is shown by the
blue line. Terra Nova Bay (TNB) is located at the southern
end of the Drygalski Trough (DT) and not shown in this map.
The model domain used in this work is the same as in Wang
et al. [2010]. (b) The mean HSSW export rates at transect S
for different temperature classes (bottom) and their cumula-
tive values (top). The transport is classiﬁed into six  classes
with an interval of 0.2ıC.
temperature and salinity in the DT including the Terra Nova
Bay (TNB) based on the AnSlope II CTD data (its section
“A” over the shelf, see http://www.ldeo.columbia.edu/res/
div/ocp/projects/anslope.shtml). To facilitate the analysis of
the model results, a passive tracer with concentration  = 1
is injected into the HSSW (with salinity in excess of 34.7)
in the DT. No atmospheric forcing is applied to gener-
ate variability in the HSSW properties; instead, salinity,
temperature, and  south of 74.5ıS in the TNB are restored
to their initial values during the simulation. More details
about the model setup can be found in Wang et al. [2010],
who showed that this model setup well represents the major
tidal dynamics in this region and reproduces AABW forma-
tion rates in the range suggested by observations.
[8] The two dominant tidal harmonics in the western Ross
Sea are K1 and O1 with similar velocity amplitudes, thus
leading to pronounced spring-neap cycles [Padman et al.,
2003; Erofeeva et al., 2005; Robertson, 2005]. The tidal
ellipse magnitudes of the semidiurnal tides are one order of
magnitude smaller than the diurnal tides in the northwestern
Ross Sea [Robertson, 2005], so we will focus on the impact
of the diurnal tides in this work. We conducted one simula-
tion without tidal forcing (case 0K1) and the second with the
K1 tidal forcing (case 1K1), which is derived from TPXO7.1
[Egbert and Erofeeva, 2002] and applied through the open
boundaries. In the third experiment (case 2K1), we scaled
the K1 tidal forcing magnitude by a factor of 2, resembling
the “spring” tidal forcing strength. All experiments were run
for 75 days, and the last 20 tidal daily cycles are used for
analysis. Two additional experiments, same as 1K1 and 2K1
but with a homogeneous ocean, were conducted to derive the
tidal circulation.
3. Model Results
[9] Dense HSSW ﬂows from the DT to the north and
feeds the production of AABW which escapes the Ross
Sea along the deep slope to the northwest [Gordon et al.,
2009]. The focus of this work is the dynamics of outﬂow-
ing HSSW on the continental shelf and its interaction with
the MCDW inﬂow. Figure 1b shows the temporal mean of
the HSSW export rates at transect S shown in Figure 1a.
The HSSW is deﬁned with   0.1 and salinity S  34.7
hereafter. Both the individual HSSW transports for different
temperature classes and the cumulative values are shown.
The total transport (for all the HSSW with potential temper-
ature   –0.8ıC) is the lowest in case 0K1. It is the highest
in case 1K1, about 36% higher than in case 0K1 and only
slightly higher than in case 2K1. For all the low-temperature
components (  –1.2ıC), case 0K1 has smaller export rates
than the other two cases.
[10] Figure 2 shows the mean temperature, salinity, veloc-
ity, and potential density ( ) at transect S. The transect
is slightly south of the trough sill, where the tidal current
cannot advect MCDW directly from the shelf break. The
dense HSSW ﬂows offshore to the north along the western
ﬂank of the DT in all three cases. The bottom intensiﬁed out-
ﬂow velocity is associated with the coldest and most saline
HSSW originating from the TNB. The warm MCDW ﬂows
onshore on the eastern side of the outﬂow, along the west-
ern slope of the Mawson Bank. Observations identiﬁed the
western slope of the Mawson Bank as one of the major intru-
sion pathways of MCDW onto the Ross Sea continental shelf
[Kohut et al., 2013].
[11] The inﬂow at this transect is the warmest in case 0K1,
indicating that tides in cases 1K1 and 2K1 have increased
the mixing of the warm open ocean water with cold shelf
water at the outer shelf, as found in previous observational
and modeling studies [Whitworth and Orsi, 2006; Muench
et al., 2009; Padman et al., 2009; Wang et al., 2010]. The
increased mixing at the outer shelf due to tides is also shown
by the  = 0.1 contour line at transect S (Figure 2). In case
2K1 the inﬂowing MCDW contains a much larger portion of
HSSW entrained at the outer shelf.
[12] Consistent with the HSSW export transport, the
outﬂow velocity is the largest in case 1K1 and smallest in
case 0K1 (Figure 2b). The mean export velocity averaged
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Figure 2. (a) Mean potential temperature (ıC, color) and salinity (white contour lines) in the transect S shown in Figure 1a.
(b) Mean velocity normal to the transect (cm/s, color) and potential density  (kg/m3, contour lines). Offshore velocity
(export) is positive. The location where the passive tracer  = 0.1 is shown by the thick black line. The zero velocity contour
lines are shown by thick gray lines. The transect direction is chosen to be approximately perpendicular to the mean export
velocity in order to show its magnitude.
over the HSSW transect is 3.6cm/s, 5.7cm/s, and 4.9cm/s
for cases 0K1, 1K1, and 2K1, respectively. The largest near-
bottom velocity in the core of the outﬂow is associated with
the strongest along-transect density gradient, showing the
typical structure of geostrophic density currents in a trough.
In all three cases there is a light, relatively warm subsurface
layer on the top right side of the outﬂowing HSSW, which
thins from the east side of the trough to the west (Figure 2a).
In contrast to the MCDW inﬂow, the temperature of this sub-
surface warm layer is the lowest in case 0K1 and highest in
case 2K1 (Figures 2a and 3).
4. Discussion
[13] The geostrophic velocity of the outﬂow is controlled
by the cross-trough density and hydrostatic pressure gradient
between the dense shelf water and light ambient water. Mod-
iﬁcations in the light warm water adjacent to the dense
shelf water can therefore inﬂuence the shelf water outﬂow
strength [Kida, 2011; Wang et al., 2012]. We calculated the
HSSW export rate based on the geostrophic velocity diag-
nosed from the temperature and salinity along transect S.
The surface velocity from the simulations is used as the sur-
face boundary condition. The corresponding barotropic tidal
velocity obtained from the homogeneous ocean simulations
is subtracted from the surface velocity in cases 1K1 and
2K1 in the calculation. The diagnosed HSSW transport is
1.06 sverdrup (Sv) in case 0K1 and 1.63 Sv in case 1K1. The
enhancement in the outﬂow in case 1K1 is expected from the
warmer subsurface layer adjacent to the HSSW than in case
0K1 (Figures 2 and 3). In case 2K1 the subsurface warm
layer extends deeper and more westward, and the diagnosed
HSSW transport using the geostrophic velocity increases
to 1.8 Sv.
[14] To understand the role of tides on the cross-shelf
exchange, we calculated the temporal mean barotropic
velocity normal to transect S for the two tidal simulations
with a homogeneous ocean (Figure 4). It represents the tidal
residual current (rectiﬁed ﬂow). The velocity patterns are
similar in the two simulations but with different magni-
tudes. Except for the small region near the coast (170.7ıE),
there is no offshore residual current in the DT. The strongest
residual currents are onshore and along the western slope of
the Mawson Bank (173.3ıE), which tend to strengthen the
MCDW intrusion. The onshore heat ﬂux referenced to the
potential temperature –0.8ıC for the region 173ıE to 174ıE
at transect S is 1 TW, 1.3 TW, and 2.1 TW for cases 0K1,
1K1, and 2K1, respectively. Although the inﬂow potential
temperature decreases with increasing tidal forcing, tidal
currents increase the heat ﬂux.
[15] The core of the HSSW outﬂow coincides with the
location of the weakest residual currents (at about 171.5–
172ıE; see Figure 2), but the onshore residual currents
still have effects to reduce the HSSW outﬂow in the two
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Figure 3. Mean potential temperature (color patch) and
velocity (arrows) at 100m depth.
simulations with tides. If we calculate the HSSW trans-
port using the geostrophic balance without subtracting the
barotropic tidal velocity, the HSSW export transport is
1.52 Sv and 1.49 Sv in cases 1K1 and 2K1, respectively.
These estimated values are close to the exact ones computed
directly from the model velocity (Figure 1b). Although the
geostrophic HSSW outﬂow is stronger in case 2K1 than in
case 1K1, the onshore residual currents make the net HSSW
outﬂow in case 2K1 slightly weaker than in case 1K1.
[16] It has been speculated that tides may increase the
export of HSSW from the DT through the offshore move-
ment of the ASF [Whitworth and Orsi, 2006]. However,
the enhancement of HSSW export associated with the off-
shore tidal advection could be compensated by the reduction
associated with the onshore tidal advection occurring in the
opposite phase during the tidal cycle. Here we propose a
different mechanism through which tides can enhance the
cross-shelf water exchange. Residual tidal currents increase
the MCDW intrusion. Due to the close proximity to the
HSSW outﬂow, it increases the cross-trough density and
hydrostatic pressure gradient. This leads to the enhance-
ment of the HSSW export. At the same time the onshore
tidal residual currents tend to reduce the HSSW export, and
the strongest export happens at intermediate tidal forcing
strength. An extra experiment was carried out with both
the K1 and O1 constituents, which have similar velocity
magnitudes and lead to spring-neap cycles. In this realistic
situation the residual tidal currents at transect S are found to
be similar to the case 1K1 and tides do increase the HSSW
export compared to the case without tides (not shown).
[17] In addition to the two competing tidal effects dis-
cussed above, there is another important process that can
inﬂuence the HSSW export. With increasing MCDW intru-
sion, the HSSW layer gets more diluted in the DT. This
effect has the potential to reduce the HSSW export. The
HSSW transport based on the geostrophic velocity increases
by 0.57 Sv from case 0K1 (1.06 Sv) to case 1K1 (1.63 Sv).
However, the transport in case 2K1 (1.8 Sv) is higher than
in case 1K1 by only 0.17 Sv. This is consistent with the
stronger dilution of the HSSW in case 2K1 (Fig. 2). The
increase in the geostrophic HSSW transport is relatively
small from case 1K1 to case 2K1, so the increased onshore
residual currents can readily reduce the net HSSW export in
case 2K1 to the level as in case 1K1.
[18] In the above discussion we ignored the interaction
of barotropic and baroclinic tides and used the tidal veloc-
ity from the homogeneous tidal model in the calculation.
Considering the dominance of the barotropic component in
Figure 4. (top) Tidal residual velocity (cm/s) normal to
the transect S shown in Figure 1a. Positive values indicate
offshore ﬂow. (bottom) The ocean bathymetry along the
transect.
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tidal velocity, the general conclusion is expected to be valid.
In this work we also ignored the variability in the HSSW
characteristics and restored the temperature and salinity in
TNB. Such an idealized setup facilitates the illustration of
the dynamical processes discussed here. However, other
important processes, such as those related to wind forcing
[Fusco et al., 2009], icebergs [Dinniman et al., 2007], and
tidal mixing near the critical latitude of the semidiurnal tides,
have to be explored and considered together in ocean general
circulation modeling in the future effort.
5. Conclusion
[19] In this study we used numerical simulations to
elucidate the impact of tides on the interaction between
the HSSW outﬂow and MCDW inﬂow in the northwestern
Ross Sea. The mechanism through which tides increase
the HSSW export is proposed and discussed. Tides enhance
the MCDW intrusion through rectiﬁed tidal currents
along the western slope of the Mawson Bank; increased rel-
atively light water adjacent to the HSSW then enhances the
geostrophic outﬂow. The onshore tidal residual current and
the dilution of the HSSW layer have the potential to reduce
the HSSW export rate. Therefore, tides have opposite effects
competing with each other. For realistic tidal forcing with
two major diurnal constituents, the positive effect dominates
and the HSSW export from the inner shelf to the outer shelf
is enhanced.
[20] The northwestern Ross Sea is one of the key sites
for cross-shelf water exchange around Antarctica; tides
signiﬁcantly enhance this exchange process. The dynamical
processes studied in this work are not adequately repre-
sented in large-scale ocean modeling, and their improved
representation in climate models is warranted. This study
also indicates that designing observation systems should
take both the onshore and offshore processes together into
account to better understand and monitor the ocean changes
in this region.
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